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SYNOPSIS  

A review of ava i l ab le  l i t e r a t u r e  suggests a co r re l a t ion  between 

cleavage, adhesion and s l i d i n g  f r i c t i o n .  

s t r u c t u r e  and i n t e r f a c e  contamination can be se l ec t ed  t o  obtain l o w  

f r i c t i o n  and reduce surface f a i lu re .  

The proper hexagonal c r y s t a l  
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ABSTRACT 

National Aeronautics and Space Administration 

The problems of l ub r i ca t ion  and wear i n  vacuum are mostly caused by 

t h e  low pressure and l a c k  of oxygen. Important considerations are (1) in-  

a b i l i t y  t o  maintain oxide f i l m s  (2)  evaporation of l ub r i can t s  and (3) poor 

hea t  t r a n s f e r .  The usefulness of the adhesion concept of f r i c t i o n  is  

demonstrated by co r re l a t ion  of clea.r?ge and adhesion s tud ie s  with s l i d i n g  

f r i c t i o n .  

influenced by c r y s t a l  s t r u c t u r e  and atomic bonding forces .  B e t t e r  def- 

i n i t i o n  of surface,  l ub r i ca t ing  f i l m s  and s l i d e r  material on t h e  b a s i s  

of atomic arrangement i n  c r y s t a l s  and molecules, i s  needed for continued 

progress. 

Behavior of s o l i d s  i n  these  a reas  of study i s  s i g n i f i c a n t l y  

Metals and a l loys  with hexagonal c r y s t a l  s t r u c t u r e  and a c/a stack- 

ing  r a t i o  approaching i d e a l  (1.633) have use fu l  f r i c t i o n  and wear 

proper t ies .  Crystal s t r u c t u r e s  of inorganic lub r i can t s  a r e  a l s o  impor- 

t a n t .  Adhesion between sur faces  i n  s l i d i n g  contact may r e s u l t  i n  junc- 

t i o n s  formed from (1) d i f fus ion  bonding ( i . e .  s o l i d  s o l u b i l i t y )  ( 2 )  

chemical bonding and (3)  mechanical bonding. Material t r a n s f e r  occurs 

during s l i d i n g  with most mater ia l  combinaiiurl;5 "uy a i s  ZT zsre cf these 

adhesion processes. Proper t ies  such as t h e  proper hexagonal s t r u c t u r e  

o r  contamination f i l m s  t h a t  cause subsequent shearing t o  occur i n  t h e  

plane and region of t h e  o r i g i n a l  i n t e r f a c e  w i l l  minimize adhesive wear. 

F r i c t i o n  responds t o  f a c t o r s  such as c r y s t a l  s t r u c t u r e  t h a t  influence 

t h e  shear  s t r eng th  of metal junctions. 
1M X-52271 
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Methods f o r  maintaining use fu l  surface contamination and obtaining 

proper c r y s t a l l i n e  s t r u c t u r e  a r e  t h e  most promising a reas  f o r  study i n  

achieving e f f i c i e n t  operation of s l i d i n g  sur faces  i n  vacuum. The prob- 

lems as well  as materials f o r  t h e i r  so lu t ions  need t o  be defined on t h e  

b a s i s  of atomic s t ruc tu re .  

INTRODUCTION 

The r e l a t i v e l y  recent  extreme i n t e r e s t  i n  mechanical devices t o  

operate i n  space has provided extensive support f o r  l ub r i ca t ion  f r i c -  

t i o n  and wear s t u d i e s  i n  vacuum. I n  most cases t h e  e f f e c t s  of vacuum 

on lub r i ca t ion  a r e  much more s ign i f i can t  t h a t  those of weightlessness, 

space r ad ia t ion ,  t h e  modest temperature changes or p a r t i c u l a t e  matter 

(meteroids).  

and more d i f f i c u l t  than i n  a i r  are assoc ia ted  with l ack  of sur face  

r e a c t a n t s  such as oyygen, t h e  absence of adsorbates c r i t i c a l  i n  some 

l u b r i c a t i o n  processes, poor hea t  t r a n s f e r ,  and evaporation or disso- 

c i a t i o n  of l ub r i ca t ing  ma te r i a l s  ( re fs .  1 t o  10). 

The reasons vacuum environment makes l u b r i c a t i o n  d i f f e r e n t  

Oxygen from t h e  atmosphere has a c r i t i c a l  r o l e  i n  l ub r i ca t ion ,  

f r i c t i o n ,  and wear phenomena. The conventional l ub r i ca t ion  technology 

has been developed with oxygen present and having a primary influence 

on su r face  chemistry. Much present day lub r i ca t ed  machinery would not  

run w e r e  i t  iiot  f o r  r z a z t z r ~ t s  ind adsorbates from t h e  atmosphere. Even 

casua l  experimentation i n  vacuum quickly shows the  dominant r o l e  con- 

vec t ive  hea t  t r a n s f e r  by t h e  atmosphere plays i n  d i s s i p a t i n g  f r i c t i o n a l  

heat.  Bearings and o the r  p a r t s  run i n  vacuum under nominal conditions 

w i l l  commonly operate at  from 100 

i n  air. 

0 t o  200' C higher temperature than 
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Higher operating temperatures and lower pressures  cont r ibu te  t o  

accelerated loss of lub r i ca t ing  mater ia ls  by evaporation and disso- 

c ia t ion .  The most common metal oxides on lub r i ca t ed  p a r t s  w i l l  not 

d i s soc ia t e  i n  vacuum except at extreme temperatures (e.g. FeO --f Fe at  

t o r r  and 1200' K ) .  Once t h e  oxides are worn away, however, they 

cannot be reformed i n  vacuum as they are i n  air. New mater ia l s  and 

design concepts are needed f o r  devices t h a t  must operate i n  vacuum. 

Clever designs t o  provide h e m e t i c a l l y  sealed systems can f requent ly  

be used t o  provide a good environment for lubr ica t ion .  

has been successful ly  used on spacecraft .  

and seve r i ty  of mechanical conditions are extended, however, it be- 

comes increasingly important t o  obtain improved mater ia l s  f o r  l u b r i -  

ca t ion  t h a t  can operate  completely exposed t o  space environment. 

That approach 

As t he  operating durat ion 

Surface films such as oxides, adsorbates,  e t c .  are contr ibut ing 

f a c t o r s  t o  all lub r i ca t ion  s tud ie s  i n  the  atmosphere. Studies  i n  

vacuum of fe r  t he  opportunity t o  explore s l i d e r  mater ia l s  independent 

of t h e  surface f i l m  e f f e c t s  t h a t  a re  s o  important i n  air. Therefore, 

many c r i t e r i a  of bas i c  importance can be s tudied i n  r e l a t i v e l y  simple 

experiments t o  enhance our understanding of f r i c t i o n  and wear. The 

r e s u l t s  of vacuum s tud ie s  can a l s o  be applied t o  more conventional 

nnnhl y A . v v - ~ l u  nm - - ~ - - ~  ovnnc. hnwewy; since one o f  t h e  s t eps  i n  the  f a i l u r e  of s l i d e r s  

i s  the rupture  of sur face  f i l m s  and consequently the  exposure of nascent . 
s i tes  on the  surface.  Materials t h a t  funct ion wel l  i n  vacuum w i l l  

u sua l ly  a l so  do wel l  i n  air but  the converse i s  not so ap t  t o  be t rue .  

It can be shown f o r  example, t h a t  s l i d e r  a l loys  formulated f o r  vacuum 

w i l l  funct ion wel l  i n  d iverse  problem areas. 
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The objec t  of t h i s  presentation i s  t o  b r i e f l y  summarize some of 

t h e  recent  important bas i c  observations made by inves t iga to r s  of l u b r i -  

ca t ion  r e l a t e d  phenomena i n  t h e  vacuum environment. 

i s  on s tud ie s  a t  t h e  authors’ laboratory,  t h e  NASA-Lewis Research Center. 

The discussion w i l l  touch on vacuum technology, formation and degrada- 

t i o n  of l u b r i c a t i n g  f i l m s ,  cleavage s tud ie s  of l u b r i c a t i n g  mater ia l s ,  

and adhesion of clean materials, as w e l l  as f r i c t i o n  and wear phenomena. 

Primary emphasis 

VACUUM SYSTEMS 

The technology of a t t a i n i n g  u l t r a  high vacuum l e v e l s  of l e s s  than 

10’’ torr with clean systems i s  very recent.  

c l ean l ines s  i s  extremely c r i t i c a l  i n  s tud ie s  of l ub r i ca t ion ,  adhesion, 

f r i c t i o n  and wear. Organic contamination i n  vacuum systems from back 

migration of d i f fus ion  pump o i l  or evaporation of cons t i tuents  from 

elastomer or p l a s t i c  p a r t s  such as seals r e s u l t s  i n  condensation on 

experimental surfaces.  There are instances of nominally unlubricated 

bearings running thousands of hours without f a i l u r e  i n  vacuum; it i s  

l i k e l y  t h a t  t hese  systems were contaminated. 

p a r t s  were subsequently run i n  more clean, ion  pumped systems and 

f a i l u r e  w a s  experienced i n  minutes. 

fus ion  pumped systems cannot be adequately trapped t o  eliminate con- 

tamination; i n  much of t h e  published d a t a  on lub r i ca t ion ,  f r i c t i o n  

and wear i n  vacuum, however, a clean system was not l i ke ly .  L i t t l e  

a t t e n t i o n  w i l l  be paid t o  these  data. 

The matter of system 

I n  some cases, t h e  same 

This i s  not t o  say t h a t  o i l  d i f -  

The use of ion  pumps, l i q u i d  nitrogen and l i q u i d  helium cryo- 

pumping, sorp t ion  forepumps, combined with metal s e a l s ,  chamber bake- 

out and e l ec t ron  gun specimen bombardment has given clean sur faces  i n  
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NASA-Lewis s tud ie s  (ref. 4). Mechanical experiments have been performed 

i n  t h e  pressure range of t o  10'' t o r r  with most work now i n  t h e  

t o  t o r r  range. Magnetic mechanical dr ives  are used as shown 

i n  t h e  f r i c t i o n  apparatus of f igure  1. That apparatus can a l s o  be used 

f o r  adhesion measurements. Providing a separa te ly  pumped support bear- 

ing  chamber with molecular flow seal ing from t h e  specimen chamber i m -  

proves t h e  vacuum c a p a b i l i t i e s  of such a system from the  

t h e  t o r r  range. Mass spectrometer p a r t i a l  pressure analyzers 

i nd ica t e  t h a t  hydrogen i s  the  primary matter  present  i n  such vacuum 

chambers. 

t o r r  t o  

Achieving nascent surfaces  i n  f r i c t i o n  experiments even i n  clean 

vacuum chambers i s  d i f f i c u l t  because of t h e  t enac i ty  and s t a b i l i t y  of 

sur face  reac t ion  f i l m s  such as oxides. With a t y p i c a l  chromium bearing 

s t e e l  ( S Z l O O ) ,  many s l i d i n g  t r ave r sa l s  are necessary before  r e s idua l  

f i l m s  a r e  worn away such t h a t  t h e  f r i c t i o n  coe f f i c i en t  changes from 

approximately 0.5 t o  1.0 o r  g rea t e r  and eventual ly  t o  values g r e a t e r  

than 20 with se izure  ul t imately occurring. An e lec t ron  beam can be 

used t o  scrub experimental surfaces;  it produces l o c a l  heat ing t h a t  

i n  combination with the  p a r t i c l e  energy, causes d issoc ia t ion  of reac- 

t i o n  f i l m s  and even evaporation of some of t h e  subs t r a t e  m e t a l  i n  hard 

vacuum (< 10'' t o r r ) .  The case f o r  tungsten i s  unusual, t he  bonding 

energy f o r  t he  oxide i s  g r e a t e r  than f o r  t he  metal so t h a t  subs t r a t e  

metal  must be evaporated t o  achieve clean surface ( r e f .  11, May). 

EVAPORATION 

Evaporation, sublimation and d issoc ia t ion  s tud ie s  of l ub r i ca t ing  

materials conducted i n  labora tor ies  a r e  general ly  performed under 
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conditions such t h a t  t h e  g r e a t e s t  possible weight l o s s  and chemical 

change associated with lubr ica t ion  problem areas are simulated; such 

conditions are where no equilibrium vapor pressure exists a t  t h e  

evaporating surface. 

be based on the  work of Langmuir ( re f .  6 ) .  

rium vapor pressure t h e  Langmuir equation o f fe r s  a reasonable bas i s  

f o r  ca lcu la t ing  evaporative losses  i n  the  pressure region of molecular 

flow and i s  usual ly  given as follows: 

A reasonable method of measuring evaporation can 

Where the re  i s  no equi l ib-  

P = 17.14 G $ 
where 

G evaporation rate, g/sq cm/sec 

M molecular weight 

P 

T temperature, K 

As used t o  ca lcu la te  evaporative losses by Hickman (ref. 7 )  it had t h e  

form: 

vapor pressure,  mm Hg ( t o r r )  
0 

$ G = 5.833X10’2 P 

When t h e  vapor pressure of a material i s  known at  one temperature T, 

and i t s  value is  desired a t  another temperature 

with hea ts  of vaporization and sublimation using the  Clausius-Clapeyron 

T2, it can be calculated 

equations i n  t h e i r  in tegra ted  forms ( re f .  8) :  

p2 m v  T2 - T1 log - = 
P i  2.303 R TIT2 
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where 

heat of vaporization &v 
AHs heat of sublimation 

R gas constant 

With a knowledge of heats o f  vaporization or sublimation and a single 

vapor pressure, the vapor pressure at other temperatures may be cal- 

culated (ref. 8). 

There are diverse opinions summarized in reference 5 on the 

proper way of obtaining and reporting evaporation data. Typically 

the weight l o s s  measurements in an evaporation experiment would be ex- 

pected to be several times greater than in a machine part such as a 

shielded ball bearing where a,n equilibrium vapor pressure is likely. 

Typical evaporation rates from references 5 and 8 for fluid lubri- 

cants considered for space devices at 1000 c and 
lom6 gram per square centimeter per second (e. g. chlorophenyl methyl 

polysiloxane) j for a plastic (e. g. polytetrafluoroethylene) the rate 

would be less than 1 percent gm/cm2/sec) that of the liquids 

and for useful metals (Ag, Ga) or inorganic compounds (MoS2, CaP2) 

used in lubricating films the rate would be much less than 0.01 percent 

(lo-'' gm/cm2/sec) of that for the liquids. 

torr are around 

CLEAVAGE 

The cleavage studies of mica by A. Bailey (ref. 9, 11, p. 409) 

demonstrated that forces approaching the calculated ionic bond strengths 
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in air could be measured. 

unique, however, the ever-present crystal imperfections (dislocations) 

It should be abpreciated that mica is 

of most materials make achievement of exact correlation between 

thecretical bond strengths and experimental cleavage data unlikely. 

Refinements in vacuum technology and research techniques have allowed 

other workers (refs. 10, 11, 12, and 13) to do discerning work with 

cleavable solids. The increasing possibilities of obtaining crystals 

that have fewer dislocations and other defects (ref. 14) could fur- 

ther enhance the significance of such experimental studies. 

Crystal structures with ionic, covalent and/or van der Waals 

bonding have been examined theoretically (eq. mica, ref. 9, p. 415). 

The covalent bonding gave greatest strengths and van der Waals bonding 

the least strengths. 

bonding are among the cleavable solids studied (ref. 13). 

with ionic bonding cleave with difficulty and are not useful as lubri- 

cating solids. In general, that binding energy as measured in cleavage 

studies can be correlated with adhesion and with shearing in sliding 

friction. Indications of adsorption have been observed after cleavage 

in vacuum systems (ref. 13). Immediately after cleavage the exposed 

nascent surfaces adsorbed gases sufficient to measurably reduce the 

vacuum chamber pressure (ref. 15). 

tion phenomena are extremely important to cleavage and subsequent ad- 

hesion as cleaved surfaces reestablish contact. Anomalies found with 

graphite in measurement of‘ cleavage and shear are probably results of 

sorbates. 

Lamellar solid lubricants with van der Waals 

Most crystals 

ziei=e C Z i i  be GO dG&t thZ% Sc?Yp- 



9 

Many f a c t o r s  are important?as. the po ten t i a l  uses of da t a  from 

cleavage s tud ie s  i n  engineering appl icat ions a r e  considered. Mechanical 

deformations developed during cleavage cause mismatching of atomic s i t e s  

o r  surfaces  during renewed contact and contr ibute  t o  reduction i n  sub- 

sequent cleavage forces.  

( a l s o  termed t enac i ty )  t h a t  determines t h e  d u c t i l i t y  of  c r y s t a l l i n e  

materials. Materials with low d is loca t ion  mobi l i t i es  show low t enac i ty  

(ref. 1 2 ) .  

energy should be the  cleavage plane and t h a t  pred ic t ions  of cleavage 

force  can be made if the  e l a s t i c  molulus and surface energy a r e  known 

( re f .  1 2 ) .  

occur when r eve r s ib l e  crack propagation i s  experienced ( r e f .  10). 

( r e f .  11) found immobile long range a t t r a c t i v e  forces  between f r e sh ly  

cleaved s i l i c a t e  s ing le  c rys t a l s .  These forces  were associated with 

breaking of atomic bonds a t  t h e  cleaved in te r face .  When contact i s  

rees tab l i shed  t h e  forces  needed f o r  subsequent cleavage were increased 

with g r e a t e r  loading. This observation was r e l a t e d  t o  the  g r e a t e r  

atomic bonding forces  as atoms on the  surfaces  a r e  brought i n t o  c lose r  

proximity . 

It i s  t h e  r e s i s t ance  t o  i n i t i a l  cleavage 

It has been suggested t h a t  t he  plane of m i n i m u m  sur face  

It has been shown t h a t  t h e  formation of charge mosaics 

man 

Most engineering materials a re  polycrys ta l l ine  a l loys  and a r e  s o  

complex as io  defy t h e  gecers l  iise of the  r a t i o n a l  based on atomic 

bonding forces  and r e s u l t a n t  charge mosaics. 

developed with s ing le  c r y s t a l s  of mater ia l s  having proper t ies  (i. e. mica) 

which contr ibuted t o  ease of i n t e rp re t ing  data.  Discerning appra isa l  of 

t h e s e  d a t a  can, however, help t o  develop in s igh t  t h a t  should be increas-  

i n g l y  valuable as engineering mater ia ls  become b e t t e r  defined and more 

That r a t i o n a l  was l a r g e l y  
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nearly pe r fec t  c r y s t a l s  are available for study. It would appear t h a t  

sur face  s t r u c t u r e  needs t o  be character ized on an atomic bas is .  How- 

ever,  our present  capab i l i t y  i n  atomic charac te r iza t ion  of surfaces  i s  

inadequate. I n  t h e  engineering sense it would seem t h a t  r e l a t i v e l y  

small benef i t  i s  gained from cleavage s tud ie s  and t h a t  shear  s tud ie s  

are easier and provide a r e l a t ed  but more d i r e c t  i n s i g h t  f o r  lubr ica-  

t i o n ,  f r i c t i o n  and wear problems. 

ADHESION 
*. 

Adhesion is  an empir ical ly  defined concept involving two d i s t i n c t  

processes. These are (1) the making of an adhesive bond and ( 2 )  t h e  

f r a c t u r e  of an adhesive bond. The adhesion coe f f i c i en t  i s  t h e  r a t i o  

of the fo rce  used t o  f r a c t u r e  t h e  adhesive bond t o  t h e  fo rce  employed 

i n  making t h e  bond. Experimental s tud ies  of these  phenomena seldom 

provide t h e  atomically cleaned surfaces  t h a t  i nves t iga to r s  seek i n  

vacuum. One approach t o  minimize contaminating f i l m s  has been t o  

f rac ture  s o l i d  specimens i n  vacuum followed by the  making of an adhesive 

bond by br inging the  surfaces  back toge ther  again under load ( t h e  first 

process  above). 

sur faces  following cleavage as previously discussed. 

I n  t h a t  case t h e  processes are similar t o  re jo in ing  of 

It has been shown that adhesion coe f f i c i en t s  i n  addi t ion  t o  being 

very s e n s i t i v e  t o  contamination, w i l l  a l s o  vary with many f ac to r s :  

contac t  t i m e ,  separat ion t i m e ,  load, shear  during load, vibrat ion,  and 

o t h e r  f a c t o r s  independent of the materials under examination. What then 

i s  the real s igni f icance  of t he  adhesion coe f f i c i en t?  It would appear 

t h a t  t h e  adhesion coe f f i c i en t  i s  merely a convenient number. Imes t i -  

g a t o r s  working i n  t h e  load range of e l a s t i c  deformation ( ref .  16 )  are 
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in a much more difficult area of experimentation than those using loads 

sufricient to give substantial plastic deformation (ref. 11, Hordon). 

When plastic deformation and shear are imposed together (refs. 17 and 

18) strong adhesion bonds can easily be established in normal atmosphere. 

In sliding friction both plastic deformation and shear occur with the 

consequence that strong adhesive bonds develop. 

A measure of contact resistance during adhesion studies has been 

suggested (ref. 11, Keller) as a means of gaining increased insight. 

Interpretation of these data suggest that contamination is the only 

major barrier to adhesion and the release of elastic stresses is not 

significant in the fracture of metal junctions formed by cold welding. 

To the contrary, early studies of adhesion (ref. 9, 11, Chapter 5) 

had indicated quite conclusively that release of elastic stresses did, 

in fact, fracture adhering junctions. The conclusive demonstrations 

of adhesion with low elastic modulus metals such as indium were not 

considered by the investigators (ref. 9) to be directly applicable to 

more common engineering metals. Used in thin films, however, indium 

can be important to sliding surfaces. 

Investigators interested in engineering applications of adhesion 

studies have emphasized diffusion bonding or solid solubility as the 

primaq mechanism for adhesion. 

guide in selecting metal combinations. The basic parameters considered 

to contribute to solubility as suggested by Hue-Rothery include atomic 

size factor and electronegativity. In some instances, encouraging 

trends have been found but there can be no question that factors other 

They have used phase diagrams as a 
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than solid solubility are also important (ref. 11). For example, accord- 

ing to any known guide, metallic calcium should not adhere to iron in a 

vacuum; the authors of the present paper have, however, observed sub- 

stantial adhesion and gross metal transfer of calcium to iron. Further- 

more, it has been shown that metals having high values of several im- 

portant factors (elastic moduli, hardness, surface energy, recrystal- 

lization temperature, and resistance to plastic flow) can be characterized 

by low adhesion coefficients withoctt regard for solid solubility. 

Lattice Parameters 

It has also demonstrated that cubic structured metals have a 

greater tendence to adhere than hexagonal structured metals (ref. 11, 

Buckley). Lattice parameters and orientations are important to adhe- 

sion as well as to shear of solid materials. Tables I and I1 (ref. 11, 

Buckley) give adhesion data for copper single crystals with matched 

poles to illustrate the significant differences that result from 

orientation. It should be noted that the adhesion of polycrystalline 

copper approaches that for the single crystal orientation giving the 

greatest adhesion. Table I11 (ref. 11, Buckley) shows the adhesion 

behavior of copper-copper and cobalt-cobalt couples with matched 

poles. The hexagonal cobalt shows much less adhesion than the cubic 

copper. 

In considering experimental results on adherance of nonsoluble 

couples such as nonmetals (plastics) to metal, the importance of 

mechanical adhesion becomes apparent. Plastic flow of one material 

into the surface imperfections of the other creates very strong 
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mechanical adhesive bonds. I n  t h e  process of p l a s t i c  flow, t h e  

s o f t e r  m a t e r i d  may be work hardened t o  g ive  s t r eng ths  g r e a t e r  than 

t h e  o r i g i n a l  body. Thus, on subsequent separa t ion  or shear, f r a c t u r e  

may occur i n  t h e  o r i g i n a l  body r a the r  than a t  t h e  in t e r f ace .  

It i s  l i k e l y  a l s o  t h a t  chemical bonds are important i n  adhesion 

where compounds a r e  used as contacting so l id s .  Types of bonding 

t h a t  may be considered pe r t inen t  t o  l ub r i ca t ion  a r e  (1) di f fus ion  

bonding ( s o l i d  s o l u b i l i t y ) ;  ( 2 )  mechanical bonding; and (3) chemical 

bonding. There a r e  many f a c t o r s  t h a t  determine t h e  fo rces  necessary 

t o  separa te  adhering sur faces  and among t h e  most s i g n i f i c a n t  of t hese  

a r e  contaminating f i l m s ,  s t r u c t u r e  of mater ia l  and t h e  chemical 

thermodynamics of t h e  system involved. The mechanisms occuring dur- 

i ng  separa t ion  o r  f r a c t u r e  of adhering surfaces can be t r e a t e d  theo- 

r e t i c a l l y  by d i f f e r e n t  approaches. Reference 15 suggests appl icable  

t h e o r i e s  are advancing along three  d i f f e r e n t  levels : (1) continuum 

mechanics; ( 2 )  mechanics of microstructures; and (3)  a tomis t ic  

mechanics. Once again t h e  need was suggested f o r  b e t t e r  d e f i n i t i o n  

of sur faces  and i n t e r f a c e  phenomena on an a tomis t ic  bas i s .  

l i k e l y  f r u i t f u l  areas f o r  study t o  minimize adhesion i n  engineering 

p r a c t i c e  a r e  those concerned with sus ta ined  contamination or with 

c r y s t a l  s t r u c t u r e  of metals. 

The most 

FRICTION AND WEAR OF UNLUBRICATED SOLIDS 

The ea r ly  work of Erns t  andMerchant ( r e f .  19)  and t h e  more 

widely known e f f o r t s  of Bowden and Tabor ( r e f .  9)  considered adhesion 

as a primary f a c t o r  contributing t o  s l i d i n g  f r i c t i o n .  The g rea t ly  
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increased probability of adhesion between solids in a vacuum envi- 

ronment has given added importance to those early studies. The 

adhesion concept of fricbion and wear has served well for many years 

as a primary factor guiding the present authors' research at NASA 

Lewis Research Center. Therefore, those factors that are important 

in the simple adhesion at metallic interfaces are also important in 

the more complex process of sliding friction. 

In engineering applications it is often necessary to select 
Alloys 

readily available alloys to use in vacuum. Nonhomogeneous alloys 

such as tool steels show much better friction and wear characteristics 

than homogeneous alloys such as austenitic stainless steel (ref. 4). 

Also, recast alloys with large grain size have somewhat better fric- 

tion behavior than the original forged alloys. Surface welding can 

be inhibited by providing alloys with microinclusions of stable com- 

pounds capable of smearing over the slider interface as the original 

surface films (e.g. oxides) are removed (ref. 4). For example, 0.45 

percent sulfur present as iron sulfide in electrolytic iron or tool 

steels inhibited surface welding and grossly reduced wear or friction 

or both. Similar effects were gained with nickel oxide or tin in 

nickel when duplex structures were achieved. 
Solid Solubility and Polymorphism 

I? m e  rare eai.';ii iiietals (ref. 20) merit special consideration for 

vacuum problems. The oxides are chemically very stable and, in ac- 

cordance with the Hume-Rothery rules, the metals should have little 

or no solubility in ferrous alloys. 

shown to have adhesion coefficients that are less than 1/10 that for 

Rare earth metals have been 
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other soft metals such as lead, tin or indium with iron (ref. 17). 

Further, numerms rare earth metals that normally have hexagonal 

structure undergo crystal transformation to cubic structures at 

rather low temperatures and hence offer convenient materials to use 

in determining the relative merit of solid solubility and crystal 

structure as basic properties in selecting slider alloys. For 

example, lanthanum is hexagonal at room temperature but develops a 

face centered cubic structure above 200' C. 

Friction studies were therefore made with lanthanum under 

conditions where crystal transformation would take place. Figure 2 

shows the effect of increasing sliding velocity on friction for 

lanthanum sliding on itself in vacuum. At increasing sliding ve- 

locities, and therefore greater surface temperatures, friction 

coefficient changed from 0.35 to 1.4 when the hexagonal to cubic 

transformation occurred. On cooling to the solid condition, the 

friction that is characteristic of the hexagonal lanthanum was ob- 

served showing that the effect was reversible. Data were also ob- 

tained with lanthanum over ranges of loads, temperatures and sliding 

velocities; with each variable, similar friction transitions were 

found. Also, when lanthanum was in the cubic form, it showed gross 

metal transfer. to s t c e l  ,nc i  h igh  wear while hexagonal lanthanum gave 

little metal transfer and low wear. These observations were typical 

for the hexagonal rare earth metals. 

that gross metal transfer occurred in spite of negative solid-solubility 

parameters in the cubic metal and that a metal transfer problem was 

It should be specially noted 
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not  experienced with t h e  same metal (no change i n  s o l u b i l i t y  param- 

eters) when used i n  t h e  hexagonal form. 

Thallium i s  another hexagonal metal t h a t  has a low temperature 

c r y s t a l  transformation. As shown i n  f i g u r e  3, da t a  obtained with 

thal l ium were similar t o  t h a t  f o r  lanthanum. A t  t h e  highest  s l i d i n g  

ve loc i ty ,  surface melting gave very low f r i c t i o n .  After cooling t h e  

e n t i r e  specimen t o  room temperature, f r i c t i o n  w a s  similar t o  t h a t  

i n i t i a l l y  measured. 
Hexagonal Metals 

Room temperature da t a  were obtained f o r  a s e r i e s  of hexagonal 

metals i n  addi t ion t o  t h e  r a r e  ear th  metals. Figure 4 shows t h a t  

t h e  f r i c t i o n  can be r e l a t e d  t o  the  r a t i o  of the  in t e rbasa l  planar  

spacing (usually t h e  parameter c )  t o  t h e  parameter a, t h e  d is tance  

between atoms i n  t he  basa l  plane of  t h e  hexagonal l a t t i c e .  The 

observed f r i c t i o n  i s  considered t o  be r e l a t e d  t o  s l i p  mechanisms 

within the  c rys t a l s .  

i d e a l  f o r  hexagonal c lose packing (1.633) s l i p  pr imari ly  on t h e  basa l  

plane (0001). 

a r e  needed. Beryllium has a basal  s l i p  mechanism despi te  i t s  l a t t i c e  

Those metals possessing a c/a r a t i o  near  t he  

With a s i n g l e  s l i p  plane, r e l a t i v e l y  low shear forces  

parameters because i t s  atomic s i z e  r e s u l t s  i n  l e s s  i n t e rbasa l  bonding 

fo rces  than hexagonal metals with comparable c/a r a t i o s .  Metals devi- 

ZtTiig from the :de& r ~ t : ~ ,  s l i p  en nt.her planes,  i n  addi t ion t o  t h e  

basal planes. Titantium f o r  example, s l i p s  on t h e  pr ismatic  (1010) 

plane and, t o  a l e s s e r  extent ,  on pyramidal planes (ref. 21) .  

Alloys of t i tanium were made i n  an attempt t o  provide more 

nea r ly  i d e a l  s tacking (c/a) ratios f o r  achieving basal plane s l i p .  
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Figure 5 shows t h e  influence of aluminum and t i n  addi t ions t o  

t i tanium on t h e  l a t t i c e  r a t i o ,  c/a, and on f r i c t i o n .  

parameters were determined by X-ray d i f f r a c t i o n  methods. 

The l a t t i c e  

These 

d a t a  a l s o  conform t o  the  t rend  of f r i c t i o n  as a funct ion of l a t t i c e  

parameters i n  f igu re  4. 

coe f f i c i en t  decreased along with reductions i n  wear and g a l l i n g  

As t he  c/a r a t i o  increased, t h e  f r i c t i o n  

tendencies . 
As f i g u r e  6 shows, unalloyed cobal t  i n  t h e  low temperature 

hexagonal form has good f r i c t i o n  and wear proper t ies  bu t  becomes 

progressively worse as the  metal was transformed t o  t h e  f ace  cen- 

t e r e d  cubic s t ruc ture .  Alloying was a l s o  used t o  s t a b i l i z e  t h e  

c r y s t a l  s t r u c t u r e  of cobal t  (ref. 22) .  Alloying of cobal t  with 25 

percent molybdenum s t a b i l i z e d  t h e  hexagonal s t r u c t u r e  with no s ig -  

n i f i c a n t  change i n  c/a r a t io .  

low temperature f r i c t i o n  as hexagonal (unalloyed) cobal t  bu t  d id  

not  show any change i n  f r i c t i o n  at temperatures t o  700 C. 

That a l l o y  had e s s e n t i a l l y  t h e  same 

0 

S l i p  Planes and Direct ions 
Single  c r y s t a l  and polycrys ta l l ine  material of var ied c r y s t a l  

types  have been explored t o  determine t h e  inf luence of s l i p  planes 

and s l i p  d i r e c t i o n  on f r i c t i o n  propert ies .  A s  s l i d i n g  progresses 

from one c r y s t a l  t o  t he  next i n  a po lyc rys t a l l i ne  mater ia l ,  t he re  

i s  a corresponding change i n  f r i c t i o n .  These changes r e f l e c t  t he  

d i f f e r e n t  s l i p  systems on the  various c r y s t a l l i t e s .  Further ,  on any 

p a r t i c u l a r  plane a change i n  s l i d i n g  d i r ec t ion  r e s u l t s  i n  a change 

i n  f r i c t i o n .  Figure 7 shows da ta  obtained with a specimen of tung- 

s t e n  ( r e f .  23)  having a s e r i e s  of l a r g e  c r y s t a l s  t h a t  had been 

charac te r ized  using X-ray Laue’ back r e f l ec t ion .  The da ta  ( f ig .  7 )  
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show the  inf luence of :  (1) surface f i l m s  (oxides) ;  ( 2 )  changing s l i p  

systems while crossing gra in  boundaries; and (3) t h e  s l i d i n g  d i rec t ion  

on a c r y s t a l l i t e .  The da ta  i n  air  r e f l e c t  t h e  var ied oxidation prop- 

ert ies of t he  d i f f e ren t  c r y s t a l  faces. Also, t he re  i s  a cor re la t ion  

between hardness on the  (100) plane and f r i c t i o n ;  f r i c t i o n  decreases 

with g r e a t e r  hardness. 

metals and o ther  mater ia l s  ( re fs .  23, 24 and 25) show t h a t  t h e  f r i c -  

These da ta  on tungsten and t h a t  on addi t iona l  

t i o n  coe f f i c i en t  i s  lowest f o r  the  g r e a t e s t  atomic densi ty  planes and 

when s l i d i n g  i n  the  preferred s l i p  d i r ec t ion  ( t h e  d i r ec t ion  of grea t -  

e s t  atomic densi ty) .  

Another f a c t o r  concerning atomic arrangement t h a t  inf luences 

those  physical p roper t ies  having a bearing on f r i c t i o n  is  t h e  order- 

ing of t he  atoms i n  a l loys.  

was found t h a t  order-disorder react ions inf luence f r i c t i o n  behavior 

With s p e c i a l  systems such as Cu Au it 
3 

i n  vacuum ( r e f .  23). Low f r i c t i o n  was observed f o r  t h e  ordered s ta te  

while high f r i c t i o n  and complete welding w a s  found f o r  the  disordered 

s t a t e .  
Chemical Bonding 

It has been demonstrated t h a t  chemical bonding can b e . a  de te r -  

mining f a c t o r  i n  f r i c t i o n  ( r e f .  26). F r i c t i o n  experiments were 

conducted with various metals s l i d ing  on s i n g l e  and polycrys ta l l ine  

AL2O3 mc? t h e  res1ilt.s obtained are  presented i n  f igu re  8 (ref. 26). 

With f i v e  d i f f e r e n t  metals s l id ing  on sapphire,  t h e  f r i c t i o n  

c o e f f i c i e n t  was approximately the sane ( f i g .  8). With all of 

t h e  metals, f r a c t u r e  or cleavage occurred i n  t h e  sapphire account- 

i n g  f o r  t h e  s i m i l i a r i t y  i n  f r i c t i o n .  Chemical bonding and 
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e e s i o n  of t h e  metals t o  the  sapphire r e su l t ed  i n  s t r e s s e s  and f r a c -  

t u r e  i n  t h e  sapphire as indicated f o r  beryll ium s l i d i n g  on sapphire 

i n  the  photo i n s e r t .  I n  some instances the  p i t s  i n  sapphire were 

250 A i n  depth. 
0 

With various metals s l i d i n g  on po lyc rys t a l l i ne  aluminum oxide, 

much higher coe f f i c i en t s  of f r i c t i o n  were observed ( f ig .  8).  The 

sur faces  of t he  polycrys ta l l ine  UiO, d i sks  'all ind ica ted  t r a n s f e r  of 

metal t o  the  d i sk  surface.  

i n  f i g u r e  8 f o r  aluminum and zirconium. While with metals s l i d i n g  on 

!!?he t r ans fe r r ed  m e t a l  on A1203 i s  shown 

sapphire,  f r a c t u r e  occurred i n  t h e  sapphire; i n  cont ras t  with metals 

s l i d i n g  on polycrys ta l l ine  A1203 shear of t he  metal was responsible  

f o r  f r i c t i o n .  For t h e  cubic metals t h e  f r i c t i o n  coe f f i c i en t s  a r e  

what might be predicted from the  r e l a t i o n  ( f r i c t i o n  co- 1 = S/H 

e f f i c i e n t  = shear  s t rength /y ie ld  s t rength  i n  compression). Since t h e  

metal  i s  shearing and the  d i sk  surface i s  not undergoing notable  plas-  

t i c  deformation ( t o  markedly increase t h e  t r u e  contact  a r ea )  these  

values  a r e  as might be ant ic ipated.  

The f r i c t i o n  d a t a  f o r  t he  hexagonal m e t a l s  a r e  markedly l e s s  than 

f o r  the cubic metals with one notable exception, namely t i tanium. 

These d i f fe rences  i n  f r i c t i o n  cha rac t e r i s t i c s  for cubic and hexagonal 

mnCn1 ll,L.uowu c. e m  he ~ t . t r i h i ~ t . e d .  t o  t h e  d i f fe rences  i n  s l i p  behavior i n  plas-  

t i c  deformation f o r  hexagonal and cubic metals. 

The d i f fe rence  i n  f r i c t i o n  behavior of t i tanium from other  hex- 

agonal metals that s l i p  predominantly on basa l  planes such as cobal t ,  

beryl l ium rhenium and lanthanum is t h a t  t i tanium s l i p  pr imari ly  on 
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prismatic planes during p l a s t i c  deformation. Thus, g r e a t e r  contact 

. a r e a  and increased shear s t r eng th  can r e s u l t  f o r  t i tanium with s l i d -  

ing  r e s u l t i n g  i n  it behaving more l i k e  a cubic than hexagonal metal. 
Orientation 

S l id ing  of metals usua l ly  accomplishes o r i en ta t ion  or t ex tu r ing  

of t h e  sur face  l a y e r  such t h a t  shear continues t o  develop on t h e  

plane of minimum shear strength.  Such t ex tu r ing  may be accomplished 

by p l a s t i c  deformation or r e c r y s t a l l i z a t i o n ,  followed by tex tur ing .  

I n  order t o  prevent sur face  r e c r y s t a l l i z a t i o n ,  s i n g l e  c r y s t a l  s tud ie s  

of f r i c t i o n  must be conducted at conditions.provid&ng a very-low r a t e  

of f r i c t i o n  hea t ing  (low speeds and loads) .  S l id ing  of po lycrys ta l -  

l i n e  mater ia l s  seldom gives t h e  same f r i c t i o n  as with s ing le  c rys t a l s .  

Even with t h e  des i red  or ien ta t ion ,  d i s loca t ion  pile-ups a t  t h e  g ra in  

boundaries would impede s l i p .  Such an observation would suggest t h a t  

s l i d e r  mater ia l s  with l a r g e  gra ins  should g ive  lower f r i c t i o n  t h a t  

materials with f i n e  gra ins .  

F R I C T I O N  AND WEAR WITH LUBRICATING FILMS 

Organic l u b r i c a t i n g  f i l m s  exposed d i r e c t l y  t o  hard vacuum w i l l  

not l u b r i c a t e  f o r  more than a few hpurs at modest temperature be- 

cause of evaporation (refs. 3 and 27) .  Further,  loss of t h e  more 

v o l a t i l e  and lower sur face  tension cons t i t uen t s  of organic l i q u i d  

l a t i n g  systems t h e  reduced spreading a b i l i t y  increases  tendency 

toward l u b r i c a t i o n  f a i l u r e .  High sp readab i l i t y  may increase evapora- 

t i o n  loss of t h e  lub r i can t  i f  spreading b a r r i e r s  (low sur face  energy 

films) are not used. 
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Organic p l a s t i c  mater ia l s  such as polyimide o r  polytetraf luoro-  

ethylene have been usefu l  i n  vacuum f o r  f i l m s  and s o l i d  f r i c t i o n  

materials ( r e f s .  4 and 9, Chapters 13 and 27). Such p l a s t i c s  develop 

t r a n s f e r  f i l m s  on mating surfaces  by t h e  mechanical adhesion process. 

Subsequently they s l i d e  aga ins t  a very t h i n  f i l m  of t h e  same composi- 

t i o n  as the  parent  body o r  f i l m .  

evaporation i n  vacuum at  temperatures under 300' C. 

percent copper f i b e r  i n  the  polyimide, f r i c t i o n  coe f f i c i en t  i n  

vacuum against  hard mar ten is t ic  stainless s t e e l  was less than 0.1. 

The copper f i b e r s  were incorporated t o  imBrove heat  t ransfer .  

The polyimide has extremely low 

With 20 weight 

Several  inorganic compounds have low v o l a t i l i t y  and can serve 

wel l  as lub r i can t s  i n  vacuum. 

on absorbates f o r  t h e i r  l ub r i ca t ing  funct ion (such as graphi te )  a r e  

t h e  exception and should not be used i n  vacuum. Sorbtion phenomena 

can be explored very n ice ly  i n  cleavage s tud ie s  (refs. 10 and 13). 

Molybdenum d i s u l f i d e  has excel lent  proper t ies  f o r  use as a lub r i can t  

i n  a vacuum environment. It does not depend on aasorbates f o r  i t s  

l u b r i c a t i n g  c a p a b i l i t i e s  and i n  f a c t  performs b e s t  when the re  i s  a 

complete l ack  of ex terna l  contamination. MoS2 d a t a  shows good corre- 

l a t i o n  of cleavage, adhesion and shear proper t ies  i n  vacuum (refs. 1, 

4, 5, 8, 9, 10, 13, and 27) %id therz sre EEI~ w 8 . y ~  of using the  

material i n  engineering applications.  Some of t h e  proposed uses of 

MoS2 i n  s i n t e r e d  metal bodies have been misleading i n  t h a t  t he  chemi- 

c a l  thermodynamics of the  materials and process are such t h a t  t he  MoS2 

is  reduced and o the r  me ta l l i c  su l f ides  are formed. Most o ther  uses of 

I n  general  those compounds t h a t  depend 
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MoS2 as a lubr icant  are ef fec t ive  when organic contamination i s  

avoided. The use of MoS2 i n  polytetrafluoroethylene i s  of ques- 

t ionable  value t o  lubr ica t ion .  The f r i c t i o n  cha rac t e r i s t i c s  ob- 

ta ined  are good but  a r e  the  same as those of the polymer alone. 

Recently, coatings of MoS2 were achieved i n  our labora tor ies  

The composition of t he  f i l m  i n  a vacuum system using sputtering. 

w a s  ve r i f i ed  by X-ray d i f f r ac t ion  as t h e  compound MoS2 w i t h  no in-  

d ica t ion  of elemental molybdenum or su l fur .  

good endurance and low f r i c t i o n  (ref .  28). Sodium s i l i c a t e  bonded 

MoS films have good performance i n  vacuum. Other compounds such 

as WS2 o r  WSe 

spec ia l  appl ica t ions  m a y  o f f e r  some improvements (ref. 29) .  The 

bene f i t s  are marginal i n  most cases and s ince  t h e  use of MoS i s  

more highly developed than f o r  t he  o ther  compounds, it i s  good 

judgment t o  use MoS2 f o r  vacuum lubricat ion.  

This f i l m  achieved 

2 

have been suggested f o r  vacuum lub r i can t s  and i n  2 

2 

Thin metal p la t ings  of gold and s i l v e r  have been used as lub- 

r i c a t i n g  coatings on bearings,  e l e c t r i c  contacts  and o ther  type 

surfaces  (ref. 3) f o r  vacuum environments. The use of t h i n  films on 

harder  subs t r a t e s  can compensate for some of t h e  problems i n  using the  

s o f t  o r  mechanically weak f i l m  material  as a s t r u c t u r a l  member ( re f .  9 ) .  

W i t h  t h i n  f i l m s  t h e  bond betweer1 the coating mr7 Lt.a siibstrate i s  c r i t i -  

c a l  t o  performance as a lubricant .  Ion pla t ing ,  i n  vacuum achieves 

exce l l en t  coating adherance and uniform deposit ion on surfaces  wi th  

complex geometries ( r e f .  30). Those methods are a l s o  appl icable  t o  

deposi t ion of a l loy  f i l m s .  
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The metal gall ium i s  a mater ia l  t h a t  has promise f o r  lubr ica-  

It has a very broad l i qu idus  range, low t i o n  i n  vacuum (ref. 31). 

vapor pressure and has conductivity to  suggest usefulness f o r  s l i d -  

ing  e l e c t r i c  contacts  i n  vacuum. Gallium i s  a l i q u i d  near  room 

temperature (mp. 30' C )  and can be alloyed t o  form eu tec t i c s  of lower 

melting points .  The a b i l i t y  of gallium t o  wet surfaces  i s  c r i t i c a l  

i n  lubr ica t ion .  It has been found t h a t ,  i n  s p i t e  of repor t s  t o  t h e  

contrary (ref. 15), many clean mater ia ls  a r e  r ead i ly  wet by gallium; 

i n  some instances mechanical ac t iva t ion  (rubbing) hastens the  process. 

Those mater ia ls  include n icke l ,  copper, aluminum, magnesium, mica and 

sapphire. The problems i n  the  use of gall ium as a lub r i can t  are 

mostly associated with se l ec t ion  of contacting materials t o  avoid 

corrosion. G a l l i u m  has a l s o  been used i n  composite materials ( r e f .  29) .  

APPLICATION OF CONCEPTS TO PROBLESIS I N  SPACE DEVICES 

Spec i f ic  d a t a  on f r i c t i o n  surfaces  from space f l i g h t s  a r e  

sparse.  Considering the  fragmentary information ava i lab le ,  however, 

some suggestions can be made on possible  appl ica t ion  of severa l  of t h e  

concepts discussed herein.  Proprietary i n t e r e s t s  d i c t a t e  t h a t  speci-  

f i c  references be avoided. 

Fa i lu re s  of bearing surfaces  have been associated with l o s s  of 

i n t e r n a l  clearance as a r e s u l t  or" i c d e q i G G t 2  q?peci_a.t.ion of hea t  

d i s s i p a t i o n  problems i n  vacuum. The increased temperature l eve l s ,  re- 

s u l t i n g  from poor heat  t r a n s f e r ,  acce le ra te  evaporation of organic 

f l u i d s  and t h e  loss of v o l a t i l e  low surface tension cons t i tuents  re -  

duces spreadabi l i ty .  Thus lubr ica t ion  f a i l u r e  can occur before  t h e  
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bulk of t h e  f l u i d  i s  evaporated but when the  f l u i d  becomes s u f f i c i e n t -  

l y  immobile t o  r e p a i r  l o c a l  f i l m  f a i lu re .  Molecular flow s e a l s  have 

been very e f f ec t ive  i n  re ta rd ing  lubr icant  loss at  modest temperatures 

(< looo c ) .  

Organic f l u i d s  have been used i n  conjunction with s o l i d  lub r i can t s  

with apparent success i n  some appl icat ions.  The r e s u l t s  may be m i s -  

leading s ince  these  appl ica t ions  involved mechanical conditions t h a t  

may not  have required any lubr ica t ion .  We consider t h e  combined use 

of organic f l u i d s  with s o l i d  fi lms as poor prac t ice .  

Many uses of bonded MoSZ films without contamination have m e t  

with apparent success. I n  one case, exposure of a sodium s i l i c a t e  

bonded MoSZ f i l m  t o  high humidity p r i o r  t o  launch may have r e su l t ed  i n  

sur face  adhesion by frozen moisture during a c r i t i c a l  low temperature 

port ion of t h e  i n i t i a l  f l i g h t  period. It should be  noted t h a t ,  under 

most conditions,  sodium s i l c a t e  bonded coatings give exce l len t  per- 

formance and good endurance. 

Hinges and p ivots  of manned f l i g h t  spacecraf t  have caused prob- 

lems because of "cold welding" o r  adhesion. Even t i tanium which i s  

commonly used f o r  f l i g h t  equipment can be improved t o  e l iminate  t h e  

g a l l i n g  problem by a l loy ing  with aluminum t o  obtain increased c/a 

l a t t i c e  r a t i o  ( f ig .  5j. .tjdi bearings,  s e a s ,  gez,rs m 2  e the r  p r t s  

can be made of hexagonal cobal t  a l loys  t o  avoid ca tas t rophic  f a i l u r e  

i n  t h e  event t h e  lub r i can t  f i l m s  are penetrated.  These a l loys  should 

a l s o  be usefu l  i n  a wide range of engineering appl ica t ions  i n  t h e  

e a r t h s '  atmosphere. 
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CONCLUDING REMARKS 

The adhesion concepts of f r i c t i o n  are espec ia l ly  appl icable  t o  

problems of l ub r i ca t ion  i n  vacuum. Corre la t ion  of experimental ob- 

se rva t ions  suggests a d i r e c t  r e l a t i o n  between cleavage, adhesion and 

s l i d i n g  f r i c t i o n .  

adhesion concepts of f r i c t i o n  a r e  applicable. 

Such co r re l a t ion  should be an t i c ipa t ed  where t h e  

The surface,  sur face  f i l m s  and bulk materials must be defined 

and t h e  shear process s tud ied  on an atomic basis. It has been shown 

t h a t  c r y s t a l  s t r u c t u r e  parameters, and o ther  a tomis t ic  considerations 

can be used e f f e c t i v e l y  i n  achieving low f r i c t i o n  and wear i n  t h e  

vacuum environment. The vacuum environment i s  i d e a l  f o r  study of 

fundamental mater ia l  f a c t o r s  i n  s l i d i n g  f r i c t i o n  because contaminating 

f i l m  e f f e c t s ,  which usua l ly  dominate t h e  f r i c t i o n  process, can 

e s s e n t i a l l y  be eliminated. 

Contamination of surfaces t o  prevent strong adhesive bonding 

i n  t h e  vacuum environment i s  an important approach t o  achieving 

minimum f r i c t i o n  i n  mechanical devices. The bas i c  chemistry and 

physics of contaminating f i l m s  must a l s o  be defined and developed on 

an atomic basis. 

Numerous mater ia l s  and processes can be suggested t o  minimize 

f r i c t i o n  probienis iii VXU’AY. Ir! genera l ,  t h e  r e s u l t s  a r e  a l s o  

appl icable  t o  t h e  l e s s  demanding environments of more conventional 

appl ica t ions .  

r L. , 
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Adhesion coef f ic ien t  
before  s l i d i n g  

TABL;E 11. - COEFFICIENTS OF AD€ESION AND FRICTION FOR 

VARIOUS SINGLE CRYSTAL ORIENTATIONS OF 

COPPER (99.999 PERCENT) (lo-’’ TORR 20’ C ,  50 GMS) 

Coeff ic ient  of 
f r i c t i o n ”  
(during 
s l i d i n g )  

Matched plane: 

0.25 

0.20 

I (110)/(100) >40.0 

>40.0 

1.02 I >40.0 

Adhesion coe f f i c i en t  
a f t e r  s l i d i n g  

I >130 

32.5 I 
40.0 

“Sliding v e l i c i t y  0.001 cm/sec; [1101 di rec t ion ;  s l i d i n g  d is tance  0.735 em. 

E-3787 
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TABU 111. - COEFTICIENTS OF ADHESION AND F R I C T I O N  FOR 

COPPER (99.999 PERCENT) AND COBALT (99.99 PERCENT) SINGLE CRYSTAI;S I N  

(during s l i d i n g )  af ter  
s 1 iding 

.35 <O. 05 

E-3787 
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Figure 1. - Vacuum fr ict ion apparatus. 
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Load, loo0 grams; ambient temperature, 20" C. 
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Figure 7. - Coefficient of fr ict ion of sapphire (10TO) plane sliding i n  [OOol] direction on polycrystalline tung5ten. Load, 500 grams; sliding 
velocity, 0.013 centimeter per second: ambient temperature, 20" C. 
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